Objectives: The present study explores the hypothesis that the anatomical bone structures of the oral cavity have probably evolved under the influence of language function. The possible changes have been evaluated by comparing two close species essentially differentiated from each other by spoken language.
INTRODUCTION
"Of all animals, only Man possesses speech" (Aristotle). In effect, speech is a characteristic exclusive to Homo sapiens, though the human phonatory apparatus is not a specific organ. Mammals have had a larynx, pharynx, and oral cavity for many millions of years and these structures allow the different species to communicate.
The present study involves a comparative anatomical investigation of chimpanzee facial bones vs. human facial bones.
Although the difference in body mass between humans and chimpanzees is always in favor of humans, the maxillofacial massif appears larger and more prominent in chimpanzees.
The working hypothesis of this study is that the bone structures that participate in phonatory function have evolved conditioned among other factors to the specific movements of spoken language, and with the purpose of facilitating such movements.
By studying the bone structures of the temporomandibular joints (mandibular condyle and articular tubercle of the temporal bone), the bone structures surrounding the tongue (alveolar process, mandible, and hard palate) and the hard structures related to the lower lip (chin and its inclinations), it may be possible to establish associations with speech.
In addition to language three conditioning factors could have influenced the development and evolution of the hard structures relating to the oral cavity of modern man: bipedalism, oral habits, and genetics.
Bipedalism
Bipedalism resulted in a series of adaptive phenomena that would later contribute to the appearance of the spoken language. The relation between the larynx, pharynx, and oral cavity changed. The upright position allowed mandibular horizontalization, lengthening of the pharynx and descent of the larynx. The chimpanzee's epiglottis covers the ventral side of the oropharynx, overlapping and extending over and behind the free edge of the soft palate. This is similar to what occurs in a lactating human. After the chimpanzee's birth, the larynx descends as occurs in children, but the hyoid bone does not (Nishimura et al., 2006) . The pharynx in adult humans is much longer than in children and the hyoid bone and larynx descend (Lieberman et al., 2001) , eliminating the closure between the epiglottis and the soft palate.
Compared to a lactating human or a chimpanzee, the descended pharynx of an adult has the acoustic significance of producing sounds (Lieberman et al., 2001) as the vocal tract includes the pharyngeal, oral and nasal cavities.
Oral Habits
Anomalous oral habits prolonged over time have altered craniofacial development and growth. They form part of the environmental factors capable of modifying these structures (Shanhraki et al., 2012) .
The tongue must be perfectly positioned in relation to the palate for the palate and dental arches to develop correctly. When this does not occur, particularly during infantile development, the palate curves (ogival palate) and the occlusion is altered (anterior open bite and posterior crossbite). The middle and lower thirds of the face change and asymmetries frequently appear. These are the consequences. The causes: breathing through the mouth and atypical separation of the upper and lower teeth with a finger, tongue, or lower lip.
As indicated in the Section "Materials and Methods", specimens outside the parameters of normality with malocclusion, deformities and atypical or asymmetric palates were rejected.
In connection with habits, a special reference is made to the fact that the type of alimentation and the effects of masticatory function are capable of modifying craniofacial growth. It is recognized that the incorporation of modern man's soft diet during the last few hundred years has produced less facial growth as a response to less masticatory force.
Only recently has it been possible to demonstrate this through animal experimentation. Processed and cooked food, as compared to a raw, dry diet, causes less facial growth (Lieberman et al., 2004) , and the shortening of the elevating mandibular muscle fibers (He, 2004) .
Although not an objective of this study, it provided the opportunity to analyze the different temporomandibular joints of 20 humans and 12 chimpanzees.
It was found that in all the chimpanzee specimens, the articular tubercle, although flatter than in humans, is concaveconvex as corresponds to a temporal-disk joint that is reciprocal whilst the mandibular condyle is larger than in humans. The disk-condylar joint is of a condylar nature. This arrangement is similar to that of other omnivores. Herbivores have an inverted arrangement. The temporal-disk joint is condylar whereas the disk-condylar joint is reciprocal (Bermejo-Fenoll et al., 1993) .
Genetics
Genetics is another important aspect of the factors that influence craniofacial development and growth.
There are at least 19 genes that influence facial morphology. The genotype is regulated at many different levels, including the epigenetic level that conditions the facial phenotype. Future multidisciplinary studies are necessary for a better understanding of the genetic complexity of human facial variations (Roosenboom et al., 2016) . At a chromosomic level, chromosome 18, or trisomy 21 disorders can produce facial development changes and instability (Starbuck et al., 2017) . A relationship has been found between malocclusions (Angle class 1, 2, and 3) and certain genotypes (Fontoura et al., 2015) and between growth patterns and facial muscle activity (Alabdullah et al., 2015) .
Speech
Speech, although incorporated later, must have been a determining factor in the evolution of the oral bone structures during the last thousands of years.
In our society, it has been estimated that a person pronounces an average of 16,000 words a day (Mehl et al., 2007) . This means the generation of over 30,000 syllables or simple sounds in a 24-h period that in turn are associated with an equivalent number of movements of the tongue, lips, and joints that connect the mandible to the skull. On the other hand, it is estimated that people perform an average of 900 chewing movements in a period of 1 h while eating (Päßler and Fischer, 2014) -representing an activity level far lower than that found in the formation of words.
The base sound or laryngeal tone originates in the vocal cords, which have morphological characteristics that are similar among different species. The formation and modulation of words basically take place in the cavities and elements of the upper vocal tract (pharynx, oral cavity, nostrils, and paranasal sinuses). In this regard, frequency, rhythm, tone, and timbre are modulated by the tongue, teeth, lips, resonating cavities, and temporomandibular joint movements.
It is not easy to find another human task so widely used throughout mankind's existence as the "invention of syllables."
Many studies have investigated speech in ancient humans. The main lines of research have focused on the obtainment of endocasts of Broca's area for the purpose of analyzing the language zone in the left cerebral hemisphere (Bruner, 2017) ; study of the skull base, its flexion and the displacements of the foramen magnum, in an attempt to obtain information on the vocal tract or phonatory apparatus (Lieberman, 2007) ; investigation of the orifice in the skull base through which the hypoglossal nerve penetrates to innervate the muscles of the tongue (Jungers et al., 2003) ; study of the hyoid bone, lying free at the base of the tongue (Capasso et al., 2008) ; investigation of the middle ear, linking hearing to speech motor activity (Stoessel et al., 2016) ; and the analysis of the FOX P2 gene, which is related to speech, among other functions (Lieberman, 2006; Konopka et al., 2009 ).
OBJECTIVES
1. To measure those anthropometric parameters that define the structures related to the oral cavity and which are linked to speech, describing both classical and new variables, in dry skulls of humans and chimpanzees.
2. To identify those variables related to speech that best differentiate between modern humans and chimpanzees, and to quantify the observed differences.
MATERIALS AND METHODS
A sample of dry adult Caucasian skulls (n = 20) and mandibles (n = 20) was obtained from the collection belonging to the Miguel Hernández University (Elche, Spain). A second sample of dry chimpanzee skulls (n = 12) and mandibles (n = 12) was obtained from the collection belonging to Valladolid University Faculty of Medicine (Spain). The gender distribution was 50% of each. The material from the collections belonging to the Faculties of Medicine of both Elche and Valladolid Universities has been obtained in accordance with international ethical standards. The regulations set by the journal have also been observed.
All the specimens were in perfect condition, without apparent deformities, fractures or asymmetries. The presence of alveoli without teeth was taken to represent postmortem tooth loss, and the odontogram only recorded the teeth that were present. All measurements were made by the same observer using the same typical anthropometric instruments (calipers, goniometer) with sufficient precision to guarantee a direct measurement error far lower (<10%) than the standard deviations of the samples.
Nine variables for each skull and 28 variables for each mandible were defined. A total of 37 parameters was thus recorded ( Table 1) . The variables corresponding to the hard structures related to the temporomandibular joints were coded as numbers 10 and 13, while the variables corresponding to the hard structures related to the tongue were coded as numbers 9 and 12. In turn, variable 11.14 was related to the chin, and variables 11.4, 11.5, 11.6, 11.7, and 11.15 were related to insertion of the temporal muscle in the mandible.
All the measured parameters are graphically represented in Figures 1-4 .
Although the teeth intervene in the pronunciation of words, no variables related to them were proposed. The frequency of postmortem tooth loss and the fact that the literature does not take the teeth into account when analyzing craniometric points supported their exclusion from the analysis (Azevedo et al., 2012) .
A photographic register was obtained of all the specimens under uniform conditions using a Sony camera (8.1 megapixels) with a Carl Zeiss lens (2.8-5.4/7.9-23.7, Vario-Tessar).
Casts were obtained of each articular tubercle of the temporal bone and of the mandibular condyle, using high precision vinylpolysiloxane dental imprint material (Virtual R Light Body Regular Set, Germany).
Data analysis was carried out with the SPSS version 18 statistical package.
RESULTS
Fifty percentage of both the 20 human and 12 chimpanzee specimens were male. All the variables exhibited a normal distribution; the Student's t-test was therefore used for the comparison of mean values between species.
In the palatal space, significant differences between humans and chimpanzees were limited to length, which was seen to be greater in the latter species. In the case of the articular tubercle of the temporal bone, significant differences were recorded for all the parameters, with higher values referred to length, width and length/width ratio in chimpanzees, and comparatively greater height in humans. At mandibular level, significant differences were observed in 8 of the 14 parameters (57%), with higher values in chimpanzees in all cases except bicondylar width, which was greater in humans. In the mandibular space, significant differences were recorded in symphysis slope, length and alveolar vergency, with higher values in chimpanzees in all cases. Lastly, differences were recorded in 6 of the 8 parameters referring to the mandibular condyle, with comparatively higher values in chimpanzees in all cases. Table 1 shows the mean values of the parameters, with the corresponding standard deviations (lengths being expressed in mm and angles in degrees). The statistical significance of the differences between the two species is also shown (statistical significance being considered for p < 0.05).
Of the 37 variables included in the study, 25 showed significant differences between humans and chimpanzees (with p < 0.001 in 18 of them). 31 parameters were of greater magnitude in chimpanzees than in humans. Only the height of the articular tubercle (variable 10.3), the bicondylar width of the mandible (variable 11.2), the mandibular angle (variable 11.12) and the mandibular divergence angle (variable 11.13), were greater in humans.
Variables 11.7 and 13.7 showed very similar values in both species.
New variables were also recorded, the most important being the coronoid angle (variable 11.15), the mandibular alveolar vergency (variable 12.5) and the condylar angle (variable 13.8).
DISCUSSION Key Results
(a) The human temporomandibular joint is comparatively less flat and has a more limited excursive movement range, with lighter structural components. (b) Significant differences were observed between the two species in mandibular alveolar vergency and in the internal slope of the mandibular symphysis that modify the oral cavity and also increase the free space for tongue movements. (c) The appearance of the chin in humans, the only mammal that possesses one, suggests a modifying muscular stimulant of the anterior mandibular body. Using the Spanish population as reference, humans have a 56% greater body mass compared with chimpanzees: about 70 kg in humans (Encuesta Europea de Salud en España, 2009) versus 44 kg in chimpanzees (Jones et al., 1996) . Therefore it is logical for the measurements reflected in Table 1 to be greater in humans. However, the opposite is generally observed. Of 24 length measurements, 22 were found to be greater in chimpanzees, and only the height of the articular tubercle and bicondylar width were greater in humans. This surprising finding suggests that the evolution of the oral zone in humans has tended toward a reduction in size, with changes in shape.
When speaking, multiple structures function in both the upper and lower vocal tracts.
These bones, ligaments, cartilages, and muscles function due to the activity of cranial nerves V, VII, IX, X, and XII.
Three main elements in the mouth are set in motion when a word is pronounced: the temporomandibular joints, the tongue and the lips.
The Temporomandibular Joints
The morphology of the human temporomandibular joints is complex. These are not normal load-bearing joints as generally found elsewhere in the body, since their surfaces are covered with fibrous tissue, and they undergo millions of movements in the context of speech, without force transmission -acting as "floating" joint surfaces. During speech, the temporomandibular joint serves as a joining element between the mandible and skull, not as a fulcrum for applying leverage.
In all mammals except for herbivores the temporal-disk joint is a reciprocal joint and the disk-condylar joint is of a condylar nature (Bermejo-Fenoll et al., 1987 , 1992 Bermejo et al., 2002) .
On the other hand, in herbivores the temporal-disk joint is condylar and the disk-condylar joint is reciprocal (Bermejo-Fenoll et al., 1993) .
Herbivores are characterized by very flat and extensive joint surfaces, adapted to the chewing movements inherent in a plant diet.
The comparative analysis of the temporal surface between humans and chimpanzees revealed interesting differences in length (variable 10.1) and width (variable 10.2); both were far greater in chimpanzees, while height (variable 10.3) was greater in humans ( Figure 1A) , with important variations. The temporal joint surface was found to be flatter and larger in chimpanzees, as reported elsewhere (Lockwood et al., 2002) . This is consistent with the observations referring to the temporomandibular joints of herbivores, and is related to the diet of chimpanzees.
The described characteristics allow much wider mandibular displacements in chimpanzees than in humans. Masticatory function is therefore highly versatile in the former, and the teeth can serve as a genuine toolbox. In comparison, the condylar movements required by humans for speech are very numerous but are also limited in terms of protrusion and lateralization compared with chimpanzees. This in turn is consistent with smaller temporal-disk joint surfaces and a greater height of the articular tubercle of the temporal bone, with greater depth of the mandibular fossa. During normal mandibular movement in humans, the mandibular condyle usually does not extend beyond the articular tubercle of the temporal bone (Muto et al., 1994) . Therefore, observed differences may be explained in terms of movements that are more numerous but also more limited in space in humans compared with chimpanzees.
The joint that is positioned between the articular meniscus and the jaw is a synovial joint of a condylar nature in both chimpanzees and humans. The mandibular joint surface is formed by the mandibular head or condyle, an ellipsoid with one lateral and one medial pole.
The condyle joint surface is convex on all sides and has an anterior and a posterior slope. These are separated by a transversal "crest" or ridge that crowns it lateromedially like a diadem.
Eight variables relating to the mandibular condyle were studied as referred to in Table 1 , encoded 13.
In general, it can be said that the condyle in chimpanzees is much larger than in humans. The length, width and height measurements are significantly greater in all cases (p ≤ 0.001).
The significant variable, denominated "condylar angle" is formed by the tangents at the anterior and posterior slopes of the joint surface at the highest point of the "crest" or ridge (Figure 4) . When the two species were compared, a significant difference (p < 0.001) was found, with the angle in humans being more acute. This result is coherent with what was found in relation to variable 10.3, i.e., the height of the articular tubercle, which is the same as the depth of the mandibular fossa, is greater in humans.
Thus, the mandibular condyle is flatter and the mandibular fossa is shallower in chimpanzees, due to excursive mandibular movements.
Another variable intimately related to joint movements is the coronoid angle (variable 11.15). The temporal muscle inserts in the coronoid process, and the mentioned variable allows us to evidence and quantify coronoid morphological differences between humans and chimpanzees that are noticeable to the Table 1. naked eye. This angle is clearly defined by three recognizable anatomical points: the vertex and the point of inflection of the anterior and posterior margins. Very significant interspecies differences were recorded for this variable, with more acute angles in humans. The observed differences (with a finer coronoid structure in humans) could be attributable to participation of the temporal muscle in phonatory function.
Although all the masticatory muscles act upon the temporomandibular joints (Saifuddin et al., 2001) , the temporal muscles play a special role in speech, and the coronoid process is consequently thinner in humans (Figure 2) . In the chimpanzee, the coronoid process of the mandible has a comparatively rougher structure. In this species, the temporal muscles appear to participate in mandibular excursion movements and in elevator action at the moment of maximum muscle strength as in the case of the masseter and medial pterygoid muscles. The refined structure of the human coronoid process would allow optimum torque adjustment upon contraction of the temporal muscle, facilitating the fine mandibular movements inherent in speech function.
Since humans consume a softer diet, their musculoskeletal structures no longer generate forces as intense as those produced in chimpanzees, with consequent savings in terms of bone and muscle mass. This fact and the great number of movements that occur during speech involve substantial energy savings.
On the other hand, the greater length of the palate in chimpanzees (variable 9.1) is coherent with the greater length of the mandible in this species (variable 11.1). Likewise, the greater magnitudes of variables 11.7, 11.8, and 11.9 are consistent with the greater need for masticatory force transmission in chimpanzees.
The Tongue
The oral cavity is a sensory region that houses the tongue. Forces are transmitted through the teeth, and in this way the oral cavity constitutes a free space. The tongue has a number of functions, including taste sensation, licking action, food bolus distribution between the dental arches during chewing, cleaning of the dental and mucosal surfaces with the filiform papillae, swallowing and -in humans -speech function. In comparison with chimpanzees, the human tongue has lost some functions, such as the capacity to trap and drink water by licking.
The fact that hominids at some point learned how to speak undoubtedly established differences with chimpanzees that are effectively reflected in the hard structures related to the tongue, i.e., the internal portion of the mandible.
Two parameters revealed interesting differences: variable 12.5, which has been called "mandibular alveolar vergency, " and variable 12.1, which has been called "internal slope of the mandibular symphysis." Both parameters refer to the mandibular lingual space, with highly significant differences between humans and chimpanzees. In relation to mandibular alveolar vergency, and as can be seen in Figures 3A,B , humans are characterized by convergence toward the palate of the lingual wall of the mandibular alveoli at lower first molar level, with angles generally less than 90 degrees with respect to the vertical. In contrast, chimpanzees are characterized by divergence toward the palate, with angles generally greater than 90 degrees with respect to the vertical. The difference in this variable between the two species was found to be very significant (p < 0.001).
Studies related to this subject can be found in dental literature, though limited to the teeth. In this regard, on analyzing human occlusion, the lingualized position of the crowns of the lower molars causes the lingual cuspids to be located a little lower than the buccal cuspids. This results in the so-called Wilson curve (Guichet, 1977) , which can be defined as the curve traced along the buccal and lingual cuspids of the upper and lower molars and premolars. In terms of dental occlusion, this curve would imply greater masticatory efficacy.
The above situation is the partial consequence of a more general process affecting the entire oral cavity. Humans require free space above the dorsal lingual surface in order to facilitate pronunciation. This free space allows the molars to incline toward the sagittal and middle planes.
Although not an objective of the study, the Wilson curve was found to be inverted in the 12 chimpanzee mandibles with respect to the situation found in humans, i.e., its concavity is oriented as corresponds to the distribution of the molars according to the afore mentioned mandibular alveolar vergency.
The importance of the above-mentioned free space for the pronunciation of words becomes manifest when the space is lost, such as, for example, on fitting palatal dental prostheses or palatal orthodontic appliances, in cases of macroglossia, or in individuals with Down syndrome (Panchón-Ruiz et al., 2000; Raposo et al., 2011) . In all three scenarios pronunciation is altered, particularly lip-palatal and lip-dental syllables.
The evolution of the human palate toward a more spherical shape compared with the chimpanzee can be interpreted in a similar way. By shortening its length (variable 9.1) 21% and keeping its width (variable 9.2), and height (variable 9.3) approximately the same, the palate experiences relative widening, changing from a paraboloid shape to a more elliptic shape.
Variable 12.1 ("internal slope of the mandibular symphysis") is intimately related to this evolutive process. The differences between humans and chimpanzees were very significant (p < 0.001). Figures 3C,D show the difference in the angle between the two species, ranging from 126.6 degrees in chimpanzees to 89.3 degrees in humans. Verticalization of the mandible and teeth was observed that proved consistent with the evolutive trend reflected by the previously discussed mandibular alveolar vergency.
The Lips
Lastly, major differences were observed between the two species in the variable referred to as the "external slope of the mandibular symphysis" (variable 11.14), which is defined as the angle formed between the line joining the infradentale point with the most prominent portion of the chin and the horizontal line crossing the lower part of the mandible. The differences were very significant not only quantitatively (p < 0.001) but also qualitatively (Figures 3E,F) .
Chin prominence evidences this variable which is so representative of humans.
Scientific literature offers a number of theories to account for the existence of the human chin. Some authors regard it as a mandibular reinforcing structure designed to facilitate the crushing of food (Gröning et al., 2011) ; or a facial restructure due to new eating habits where the facial middle third is reduced and the lower third relatively more advanced (Holton and Franciscus, 2008) . In turn, it has been postulated that reduction of the facial middle third and the persistence of tongue size would force reorganization of the vocal tract to allow breathing and swallowing -thereby leading to formation of the chin or mentalis prominence (Coquerelle et al., 2013) . Lastly, some authors consider that the chin affords protection against the stress caused by micro movements of the tongue (Ichim et al., 2007) .
In the present study, the characteristic human chin has been linked to the appearance of speech, and is postulated to have developed as a result of the persistent action of the mentalis muscle upon the mandibular symphysis in the context of the phonatory process.
The mentalis muscle is a bilateral structure. Each muscle (right and left) extends from the chin (on either side of the mandibular symphysis) anteriorly and penetrates the region of the orbicular, quadrate, and triangular muscles. It does not specifically extend to the lower lip but rather to the muscles that mobilize the lip. In this regard it acts as an antigravity muscle. The mentalis muscle depresses the lower lip muscles against the inferior alveoli, allowing them to function properly and contributes to upper and lower lip coaptation during chewing and speech.
No analogous muscle is found in the upper lip, since gravity performs its function. Coaptation of the lips is crucial in all mammals as it prevents food from falling out of the mouth during chewing. While chimpanzees also have this mentalis muscle (Diogo et al., 2013) , it is comparatively hypertrophic in humans, as evidenced by the team's previous dissections.
It is logical to assume that this morphology has its origin in speech function. Coaptation of the lips is necessary for pronouncing bilabial syllables. As a result, in humans the mentalis muscle is continuously very active in its dual eating and speech facilitating function. Such activity can be expected to stimulate bone formation at the point of insertion of the muscle and this may have given rise to the chin (conforming a genuine chin process) -making H. sapiens the only mammalian species with this anatomical feature. Humans are also unique in having a red labial margin, which may have appeared when the species started to pronounce bilabial syllables.
New theories have recently been proposed in an attempt to explain the great technological and cultural leap that took place about 50,000 years ago (Cieri et al., 2014) . There is now awareness of the influence of speech and written language upon brain development (Huth et al., 2016; Lallier and Carreiras, 2018) . In this regard, there are important differences in brain structure between modern humans and chimpanzees, characterized by differentiation from a common ancestor (Gómez-Robles et al., 2014) .
On the other hand, it is known that the lower vocal tract (comprising the vocal cords and the rest of laryngeal elements) is very similar in apes and humans (Fitch et al., 2016; Lameira et al., 2016) , with both species having similar mechanisms for orofacial movements (Toyoda et al., 2017) . However, on the basis of the results obtained, it can be concluded that there is a difference between the oral cavity of humans and that of chimpanzees.
Throughout this discussion the team has tried to find reasonable explanations for the results obtained.
The bone structures of the human mouth probably co-evolved with the spoken language, although the team is also aware of the difficulty that exists in demonstrating the working hypothesis.
As the lower vocal tract is similar in both humans and chimpanzees, as has been indicated, the differences between the two species have to be sought in the upper vocal tract, as according to Rauschecker (2018) in a recent paper.
The human temporomandibular joint is comparatively less flat and has a more limited excursive movement range. There is a greater free mandible space that allows the tongue more freedom of movement. Also, there is a chin that contains the mentalis muscle which is essential for pronouncing bilabial syllables.
These are new pronouncements that had not been studied sufficiently until now.
Follow-up research and comparative studies that relate the hard structures with the soft tissue structures of the upper vocal tract are necessary to confirm the results of this study.
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